Abstract The ACI rat is a unique model of human breast cancer in that mammary cancers are induced by estrogen without carcinogens, irradiation, xenografts or transgenic manipulations. We sought to characterize mammary cancers in a congenic variant of the ACI rat, the ACI.COPEpt2. All rats with estradiol implants developed mammary cancers in 5-7 months. Rats bearing estradiol-induced mammary cancers were treated with tamoxifen for three weeks. Tamoxifen reduced tumor mass, measured by magnetic resonance imaging, by 89%. Tumors expressed estrogen receptors (ER), progesterone receptor (PR), and Erbb2. ERa and PR were overexpressed in tumor compared to adjacent non-tumor mammary gland. Thus, this model is highly relevant to hormone responsive human breast cancers.
Introduction
Cumulative exposure to estrogens through early menarche, late menopause (reviewed by [1] ), or hormone replacement [2, 3] increases breast cancer risk. The selective estrogen receptor modulator tamoxifen prevents approximately 50% of breast cancers in women at increased breast cancer risk [4] . At this time, the molecular mechanisms through which estrogens contribute to breast cancer development remain poorly defined.
The inbred ACI rat provides a valuable model for defining the mechanisms through which estrogens contribute to breast cancer development. Ovary intact, but not ovariectomized, ACI rats exhibit a unique, genetically conferred propensity to develop mammary cancer when treated continuously with physiological levels of 17b-estradiol (E2) [5] [6] [7] [8] [9] [10] . Induction by E2 of mammary cancer development in ACI rats is blocked by simultaneous treatment with tamoxifen, indicating that E2-induced mammary carcinogenesis is mediated through estrogen receptors [11] . It has recently been demonstrated that simultaneous treatment of ovariectomized ACI rats with E2 and progesterone have a mammary cancer susceptibility to a degree similar to that exhibited by ovary intact ACI rats, illustrating the importance of progesterone for mammary cancer development in this rat model [12] . Thus, estrogens and progestins both are likely to contribute to mammary cancer development in the ACI rat and breast cancer in humans.
The genetic bases of susceptibility to E2-induced mammary cancer have been evaluated in crosses between the highly susceptible ACI rat strain and resistant Copenhagen (COP) or Brown Norway rat strains [7] [8] [9] [10] . These studies revealed the existence of multiple quantitative trait loci, designated Emca1 (Estrogen-induced mammary cancer) through Emca9, each of which harbors one or more genetic determinants of breast cancer susceptibility. Four single nucleotide polymorphisms associated with breast cancer risk in a multi-stage genome-wide association study reside in regions of the human genome that are orthologous to peak LOD regions for different Emca loci [13] . The data from these comparative genetic studies in the rat model and humans strongly suggest that the rat and human share specific genetic determinants of breast cancer susceptibility.
Mammary cancers that develop in E2-treated ACI rats are in many respects similar to human breast cancers. In addition to being dependent upon estrogen for their development, most E2-induced mammary cancers exhibit genome instability [8, 11, [14] [15] [16] . Loss of rat chromosome 5 (RNO5), the distal half of which harbors Emca1 and Emca8, was the most commonly observed somatic aberration in a large panel of E2-induced mammary cancers evaluated by comparative genomic hybridization (CGH) [16] . The distal half of RNO5 is orthologous to human chromosomes 9p and 1p, both of which are deleted in a large fraction of human breast cancers evaluated by CGH. Together, these data suggest yet another genetic commonality between the ACI rat model of E2-induced mammary cancer and breast cancer in humans.
In addition to providing novel insights into the genetics of breast cancer susceptibility, the ACI rat model of E2-induced mammary cancer is useful to study breast cancer prevention. For example, a 40% restriction of dietary energy consumption dramatically inhibited mammary cancer development [17] , and dietary supplementation with black raspberries or ellagic acid reduced cancer multiplicity [18] . One shortcoming of the ACI rat for mammary cancer prevention studies is that continuous E2 treatment induces pituitary lactotroph hyperplasia resulting in dramatic pituitary gland enlargement, with potential morbidity and mortality prior to reaching the desired experimental endpoint. To alleviate pituitary associated morbidities, a novel rat strain was generated, designated ACI.COP-Ept2, which retains the unique susceptibility of the ACI rat to E2-induced mammary cancer while exhibiting reduced pituitary hyperplasia in response to estrogens [19] [20] [21] .
Estrogen action in responsive tissues is mediated in large part through estrogen receptor (ER) a and ERb. ERa serves as a valuable marker for predicting clinical outcomes for breast cancer patients. Expression of progesterone receptor (PR) is induced by estrogens, and PR, like ERa, serves as an important breast cancer prognostic biomarker. The purpose of this study was to characterize the mammary cancers that develop in E2 treated ACI.COP-Ept2 rats with respect to mammary gland histopathology and expression of ERa, ERb, progesterone receptor (PR) and additional clinically proven or promising prognostic protein biomarkers. We also demonstrate for the first time that tamoxifen treatment results in rapid regression of estrogen-induced mammary cancers in a rat model. Together, our data illustrate the usefulness of the ACI.-COP-Ept2 rat strain as a model for mammary cancer prevention and treatment studies.
Methods

Treatment of animals
An ACI.COP-Ept2 rat colony was established from breeder pairs provided by James Shull. Rats were housed in polycarbonate cages on wood chip bedding, 23°C, 12 h light/ dark cycle, and fed Purina 5008 (Purina Mills, St. Louis, MO). The University of Missouri Animal Care and Use Committee approved all animal procedures which conform to the NIH Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources 1996).
Silastic capsules were prepared as described with minor modifications [5] . Silastic medical tubing (0.078 in. id, 0.125 in. od, Dow Corning, Midland, MI) was cut into 14 mm lengths. One end was capped with 1-2 mm silastic adhesive (Silastic Type A, NuSil Technology, Carpinteria, CA) and cured overnight. Crystalline estradiol (Sigma, St. Louis, MO) was packed into the tube to a 9 mm height. The open end was then capped with silastic adhesive and cured overnight. Tamoxifen (catalog #T5648, Sigma, St. Louis, MO) capsules were prepared the same way. Capsules were soaked in phosphate buffered saline (PBS) 12 h before being implanted subcutaneously (s.c.) in the rats. To determine estradiol release, a capsule was placed in 5 ml of PBS. At monthly intervals the PBS was removed and stored for analysis, and the capsule placed in fresh PBS. Estradiol concentration in PBS was determined by radioimmunoassay (Diagnostic Systems Laboratories, Webster, TX).
Rats were palpated twice weekly, and tumors monitored until total tumor mass reached 2.5% of the pre-tumor body weight, at which time rats were sacrificed per IACUC recommendations. To determine tumor mass as a % of body weight, palpable tumors were measured with digital calipers, and the diameter used to calculate spherical volume. To determine if tumors responded to tamoxifen, rats with easily palpable tumors (greater than 11 mm in one dimension) were implanted with 5 silastic capsules containing tamoxifen. Twice weekly rats were anesthetized under 2% isoflurane and tumors measured in two dimensions with digital calipers.
Imaging
Magnetic Resonance Imaging (MRI) was performed using a 7T/210 mm Varian Unity Inova MRI system equipped with a gradient insert (400 mT/m, 115 mm I.D.) and a quadrature driven birdcage coil (63 mm I.D.) (Varian Inc., Palo Alto, CA). Rats were anesthetized with 1-2% isofluorane in oxygen via a nose cone during the entire imaging period. A respiratory sensor was placed on the abdomen for respiratory gating and to monitor vital signs. Body temperature was maintained at 37°C with warm air circulating in the magnet bore. Physiological monitoring was performed using a Physiological Monitoring System (SA Instruments, Inc.; Stony Brook NY). Two rats were sequentially imaged pre-and post-treatment to screen for mammary tumor growth and treatment response to tamoxifen. Upper and lower body imaging was acquired in coronal and axial planes using multislice fast-spin-echo (FSEMS) and T 2 -weighted spin-echo sequences. Acquisition was performed with data collection synchronized with the respiration of the animal to minimize breathing motion artifact. The following parameters were used: FSEMS: repetition time (TR)/ echo time (TE) = 2,250 ms/10 ms, 21 slices, slice thickness = 1.5 mm with no gap, number of averages = 2, field of view (FOV) = 90 mm 9 50 mm, and in-plane resolution = 176 lm 9 98 lm. T 2 -weighted: TR/TE = 2,600 ms/37.2 ms, 21 slices, 1.2 mm slice thickness, matrix number of averages = 2, FOV = 90 mm 9 52 mm for coronal or 5.5 cm 9 4.5 cm for axial imaging, and in-plane resolution = 176 lm 9 102 lm for coronal and 107 lm 9 176 lm for axial imaging. Tumor volume measurements were performed using FSEMS and T 2 -weighted coronal and axial image stacks. The tumors were manually segmented using VnmrJ software (Varian Inc.) to obtain the tumor volume in mm 3 .
Euthanasia and tissue collection
The number, location, and diameters in three dimensions of gross tumors were recorded. Half the rats were perfused and tissues fixed, sectioned and stained. The other half were sacrificed, trunk blood collected, and tissues snap frozen and stored at -80°C. Blood was allowed to clot overnight at 4°C, centrifuged at 1,0009g, and serum stored at -80°C. Serum estradiol and progesterone were measured by radioimmunoassay (Diagnostic Systems Laboratories, Webster, TX).
Immunohistochemistry
From three rats, one section from each gland or gland pair was stained for ERa, ERb, PR, Erbb2 and Cox-2. Rats were perfused with 4% paraformaldehyde (PFA 0 -diaminobenzidine tetrahydrochloride (DAB, DAKO). ERa, PR, and Erbb2 were detected with a horseradish peroxidase-labeled polymer conjugated with anti-rabbit antibodies (Envision ? System-Hrp, DAKO, Carpinteria, CA) for 30 min incubation and visualized by high sensitivity DAB for 5 min. Sections were counterstained with Mayer's hematoxylin for 1 min and examined by bright field microscopy.
To determine percent positive cells, positive and negative cells in images captured using a Zeiss Axiophot microscope (40X objective) with Olympus DP70 digital camera were either counted manually with the Count Tool in Adobe CS2 (Adobe Systems Incorporated, San Jose, CA), or automatically with Adobe CS3 (Adobe Systems Incorporated) and Fovea Pro (Reindeer Graphics, Asheville, NC). Because staining intensity was consistent from cell to cell and from tissue to tissue, only frequency and not intensity was quantified. A representative cancer and noncancer field was selected from each of three rats. All images for each IHC assay were counted with identical techniques. Automatic counting was done by selecting brown or blue (after equalization) cells with the magic wand tool (tolerance = 50), setting the bilevel threshold, EDM morphology (erode), and watershed segmentation. Objects \ 50 pixels or touching the top or left edge were rejected.
Statistics
Data were analyzed by ANOVA considering the effect of treatment in the model using the Statistical Analysis
System. If the main effect was significant, least squared difference was used for means separation. A P-value of less than 0.05 was considered statistically significant. All data are expressed as mean ± SE from at least three experiments. Tumor distribution was analyzed by t test.
Results
E2 induces mammary cancer in ovary intact ACI.COP-Ept2 rats
Continuous E2 treatment induced mammary cancer in ovary intact ACI.COP-Ept2 rats. Mean latency to palpable mammary cancer was 183 ± 6 days, with a range of 132-253 days (Fig. 1) . The mean time from the first detectable tumor to sacrifice, when the tumor burden (4/3pr 3 ) reached 2.5% of body weight, was 24 ± 3.1 days. Tumors were distributed equally among the abdominal/inguinal (49%) and cervical/thoracic (51%) mammary glands. Mammary cancer did not develop in untreated, ovary-intact, control ACI.COP-Ept2 rats.
Tamoxifen shrinks E2 induced mammary cancer in ACI.COP-Ept2 rats
The antiestrogen tamoxifen is clinically proven to treat ER positive human breast cancer. E2 treated rats bearing mammary tumors were treated with tamoxifen and tumor burden was evaluated by measuring tumor size and by MRI. Treatment resulted in a rapid reduction in tumor burden (Fig. 2) . At baseline, eleven rats had 21 palpable tumors. After two and three weeks of tamoxifen, only five and two tumors, respectively, were palpable. Tumors from two tamoxifen-treated rats were further evaluated by MRI (Fig. 3) . Following 3 weeks of tamoxifen treatment, mammary tumor burden was reduced on average by 89% in 11 tumors in the two rats. Similarly, at necropsy, mammary tumor mass was reduced 86% in rats treated simultaneously with E2 and tamoxifen relative to rats treated with E2 alone. The difference in tumor burden between rats treated with E2 plus tamoxifen (899 ± 267 mm 3 , n = 13) and those treated with E2 alone (7,554 ± 1,523 mm 3 , n = 19) was statistically significant (P \ 0.01).
Histopathology
The mammary glands of untreated ACI.COP-Ept2 rats were comprised of isolated ductal structures within an adipose stroma (Fig. 4a) . Treatment with E2 induced a robust hyperplastic response within the mammary epithelium (Fig. 4b) and development of mammary carcinoma (Fig. 4c) . Mammary cancers in tamoxifen treated rats exhibited necrosis and restoration of a normal ductal architecture comprised of a single layer of epithelial cells (Fig. 4d) . We first evaluated expression of ERa, ERb, and PR in nontumor and neoplastic mammary tissues from E2 treated ACI.COP-Ept2 rats. Approximately 50% of the cells in non-tumor mammary gland from E2 treated rats expressed a detectable level of ERa ( Fig. 5 ; Table 1 ). By contrast, approximately 80% of the cells in E2-induced mammary cancers were ERa positive. ERb was expressed at a similar level in normal (72% of cells) and neoplastic (83% of cells) mammary tissues. PR was expressed at a detectable level in 7% of normal mammary cells and 81% of mammary tumor cells. Thus, the expression patterns of these nuclear receptors are consistent with the observation that the tumors are estrogen dependent. The protein product of the ERBB2 gene (also known as Her2 or Neu) is over expressed in a subset of breast cancers, and ERBB2 over expression is a predictor of poor clinical outcome. Erbb2 protein was expressed in a similar number of epithelial cells in normal (80%) and neoplastic (90%) mammary cells ( Fig. 5 and Table 1 ).
Production of prostaglandin E 2 , an important mediator of inflammation and cancer [22, 23] , is mediated by cyclooxygenase (COX)-2. Elevated COX-2 expression is associated with poor prognosis [24] . Constitutive, low level Cox-2 expression was present in both cancer and noncancer mammary epithelial cells (Fig. 5) .
Circulating E2 levels are related to dose
The release rate of silastic capsules is proportional to capsule surface area. We chose 9 mm rather than 30 mm capsules used in previous studies from the Shull lab to reduce the estradiol dose. Two 9 mm capsules each delivered about 1.5 ng estradiol per day for up to four months. The use of 9 mm capsules resulted in a mean serum estradiol concentration of 36 ± 4 pg/ml (Fig. 6 ) compared to 185 pg/ml for the 30 mm capsules [5] Circulating E2 levels in intact rats reach up to 75 pg/ml [5, 15] , and levels in human premenopausal females range from 50-200 pg/ml [25] . Tamoxifen treatment did not alter serum estradiol (34 ± 5 pg/ml, n = 5). Two untreated rats had serum estradiol of 23 and 8 pg/ml. Progesterone, which may play an important role in tumor initiation, was 35 ± 5 ng/ml in rats implanted with estradiol capsules. Two untreated rats had serum progesterone of 19 and 39 ng/ml. Serum progesterone in tamoxifen treated rats was 23 ± 9 ng/ml (n = 5), consistent with a previous finding of 26 ng/ml [17] .
Discussion
Estradiol-induced mammary cancers in ACI.COP-Ept2 rats respond to the antiestrogen tamoxifen and express hormone receptors, confirming prior reports suggesting that tumors in this model are hormone responsive. The ACI rat and the ACI.COP-Ept2 rat have similar susceptibility to mammary cancers induced by 30-mm E2 capsules, with reduced pituitary hyperplasia in the ACI.COP-Ept2 rat [21] . We report lower circulating estradiol and prolonged tumor latency compared to previous reports, likely the result of using the smaller, 9-mm E2 capsules [21] . Both the ACI.COP-Ept2 rat and the lower E2 dose were chosen to minimize pituitary hyperplasia reported in prior studies [17, 20, 26] . Our observations are consistent with an earlier report which observed a delayed latency in ACI rats treated with 9 mg E2 capsules compared to 27 mg, and which also reported a reduction in pituitary weight and in circulating prolactin [27] . In rats treated with 3-mm E2 capsules, we have observed a further prolonged latency to tumor (unpublished observation). Although our observed mean serum estradiol was within observed physiological parameters of untreated rats with functioning ovaries, tumors are not seen in intact rats not treated with supplemental E2. Continuous estradiol exposure in conjunction with progesterone seems to be key, and is likely more critical than E2 dose [12] . It has previously been reported that estradiol-induced tumors in ACI rats regressed after the estradiol capsule was removed [14] , and that tamoxifen prevented induction of tumors by estradiol in ACI rats [28] . We show here that tamoxifen treatment leads to tumor regression in a rat model of estrogen-induced mammary cancer. These findings demonstrate that both tumor initiation and progression in this model is estrogen dependent and is mediated through estrogen receptor-dependent mechanisms. We found that both ERa and ERb were expressed in cancers, with ERa levels higher in cancer tissue than in surrounding non-cancer tissue. Whether ERa or ERb, or both, are critical for mammary cancer development is unknown. Recent advances in imaging technology including MRI make possible non-invasive, sensitive and accurate monitoring of tumor growth or regression in small animals [29] [30] [31] [32] . Tumors as small as 0.5 mm in diameter can be detected by MRI, while palpable tumors are at least 5 mm diameter (unpublished observation). Furthermore, imaged tumors can be measured in three dimensions, while only two dimensions can easily be obtained manually. Thus, MRI is a highly sensitive, accurate, non-invasive method to monitor tumor regression.
In both the ACI and ACI.COP-Ept2 rats, PR is upregulated in mammary tumors compared to adjacent nontumor tissue [17, 28] . PR is upregulated in early mammary lesions as well as cancers [14] . Thus, PR may contribute to the development of mammary cancers in these models. Alternatively, since PR is an estrogen responsive gene, the cancer cells may have a heightened response to estrogen, evidenced by increased PR. The upregulation of ER in tumors compared to adjacent non-tumor tissue, and increased mitotic index of tumor cells [14] , suggest that the cancer cells are more responsive to estrogen. On the other hand, we and others have established that ovariectomized rats treated with estradiol do not develop mammary cancers [5] , while replacing progesterone restores tumor development in ovariectomized rats [12] . These suggest that estrogen and PR are important factors in this model, as in human breast cancer.
In humans, lifetime estrogen exposure is a known risk factor for breast cancer, with early menarche, late menopause, and hormone replacement therapy (HRT) increasing risk [33] . Combination HRT, containing both estrogen and progesterone, increases breast cancer risk more than estrogen alone [33] . In the Women's Health Initiative study, the combination HRT treatment arm was halted after a median treatment of 5.2 years because of increased breast cancer risk, while the estrogen-alone arm ended after a median 6.9 years of treatment due to increased stroke, not breast cancer risk [3] . The Million Women Study also found a greater increase in breast cancer risk for combination HRT users than in estrogen-only users [34] . In the ACI rat model, removal of ovaries in the presence of exogenous estrogen does not lead to tumor formation, whereas adding back progesterone and estrogen led to mammary tumor formation [12] . The similarity to human disease suggests that our model is well suited to study hormone responsive breast cancer.
ERBB2 overexpression is associated with tumor relapse and poor survival [35] . While Erbb2 was expressed in both benign and malignant mammary tissue, we did not find upregulation in cancer tissue. Erbb2 is encoded on rat chromosome 10, which is duplicated in 15% of ACI mammary tumors [16] . The known duplication of chromosome 10 in a subset of ACI mammary tumors suggests that we should observe a corresponding overexpression of Erbb2 in a subset of tumors. Thus, we cannot exclude the possibility that Erbb2 overexpression might have been observed if more tumors were analyzed, and/or if mRNA or protein expression were quantified, rather than assessing expression by measuring percent Erbb2-positive cells. Confirmation of lack of Erbb2 overexpression will support the idea that this is a model of breast cancer with good prognosis, although it will be interesting to have a model in which a subset of tumors overexpress Erbb2.
The anti-inflammatory drug celecoxib, a selective COX-2 inhibitor, reduces breast cancer risk [36] . COX-2 breast cancer expression is associated with unfavorable outcome, and is more common in breast cancers with poor prognosis [24] . We observed a low degree of Cox-2 expression in cancer and non-cancer mammary tissue, consistent with the idea that ours is a model of breast cancer with good prognosis.
In summary, we demonstrate by physical examination and by MRI imaging that a lower dose than generally used of E2 leads to mammary tumor formation in 100% of ACI.COP-Ept2 rats, although with a prolonged latency compared to the higher dose. Tamoxifen induces rapid regression of E2-induced mammary cancers in the rats. The tumors overexpress ERa and PR, but not Erbb2 nor Cox-2. Based on biochemical and morphological characteristics, this model is most representative of hormone responsive breast cancers.
